Introduction
It has been demonstrated that physical performance is better in the late afternoon than in the early morning. 1 For example, maximal performance during 400 m swim trials has been shown to increase by 2.5% throughout the day. 2 Studies focusing on time to exhaustion during fixed high-intensity exercise also demonstrated diurnal variation, with improvement of 9%-14%. [3] [4] [5] The increase in performance observed throughout the day could be partly explained by diurnal fluctuations in both physiological and biomechanical parameters.
Regarding physiological parameters, a number of studies have focused on diurnal fluctuation in aerobic performance determinants, such as maximal heart rate and maximal oxygen uptake. 1 Hill et al 3 and Moussay et al 6 did not report any diurnal fluctuation in maximal heart rate. In contrast, other authors [7] [8] [9] [10] have observed a diurnal fluctuation in maximal heart rate of 2-6 beats per minute. There are also large discrepancies between studies that focused on circadian maximal oxygen uptake patterns. Some studies concluded that this variable was stable throughout the day, [10] [11] [12] [13] while others 14 demonstrated a 4.2% diurnal variation in this variable. Both day-to-day biological variability 10, 11 and technical errors in oxygen uptake measurements could mask possible circadian fluctuations in maximal oxygen uptake, submit your manuscript | www.dovepress.com
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and could account for differences in the results. When circadian fluctuations are observed in this physiological parameter, the amplitudes reported are rather low and cannot fully explain the diurnal fluctuations in maximal aerobic performance.
Studies designed to explore the rhythmicity of maximal aerobic variables have mainly focused on oxygen uptake fluctuation. However, it is possible that the maximal oxygen uptake measured during a progressive incremental test could be a nearly stable variable while biomechanical parameters such as peak power output reached during the test (P max ) and maximal aerobic power, which corresponds to power output measured when the subject reaches maximal oxygen uptake, could vary. In addition, day-to-day biological changes or technical error could result in lower variability in power output measurements compared with oxygen uptake. To our knowledge, diurnal variation in the biomechanical parameters, maximal aerobic power and P max , have never been investigated. As a consequence, it could be hypothesized that maximal oxygen uptake values collected throughout the day could be constant while maximal aerobic power and/or P max could rise from early morning to late afternoon, and thus help to explain the diurnal variations reported in aerobic physical activities. 2, 3, 15 A new generation of cycle ergometers allows direct measurement of power output from instantaneous values of crank torque and pedal rate. It seems to be the most accurate and reproducible system for measuring real power output in cycling. 16 These ergometers function by applying a chosen target power and adjusting the brake in real time according to the subject's instantaneous pedal rate and crank torque. In so doing, the system ensures an accurate measure of power during a maximal aerobic exercise despite the great variability generally observed in pedal rate at the end of the test, when the subject is exhausted.
In order to be valid, an incremental graded test designed to determine maximal aerobic power must be completed within 8-12 minutes. 17 However, considering the specific case of chronobiological studies, a fluctuation of 2.5%-14% can be expected.
1 Therefore, the power step increment in the test should be small enough to permit identification of a rhythm.
Taking into account the combination of these constraints, a protocol design for studying maximal aerobic power and P max circadian fluctuation should propose power steps that decrease toward the end of the test in order to improve the precision of maximal aerobic power and P max measurement. Moreover, to impose the exact power, attention must be paid to the material that is used. The aim of this study was to explore the effect of time of day on maximal aerobic power and P max using innovative power meter equipment and an adapted maximal incremental test.
Methods subjects
Fifteen well trained male endurance cyclists volunteered to take part in this research (age 19 ± 2 years, body weight 65.9 ± 6.5 kg, height 176.1 ± 5.3 cm). All subjects had had at least 3 years of experience in competitive cycling and usually trained 10.1 ± 2.6 hours a week. The study was approved by the ethics committee of CHU Côte de Nacre, Caen, France, and complied with the expectations of the relevant published guidelines. 18 All subjects provided their written consent once the procedures were explained in detail. The subjects answered the self-assessment questionnaire of Horne and Ostberg, 19 which determines morningness and eveningness. They were then categorized as either "moderately morning" (n = 5) or "neither type" (n = 10).
experimental procedure
Two test sessions of a maximal incremental test were performed at 06:00 hours and at 18:00 hours on two separate days. The daily timing of the tests corresponded, respectively, with the maximum and minimum of the circadian rhythm of core temperature, oxygen uptake, and heart rate values measured at rest, [9] [10] [11] at submaximal exercise, 9,10,14 and maximal exercise 14 for the selected population. Test sessions were scheduled in a counterbalanced sequence for each subject with a period of at least 36 hours between them. As proposed by Baxter and Reilly, 2 subjects were awoken at 05:00 hours for the test session at 06:00 hours, being allowed to drink only a glass of water before this session. Their last meal was taken at least 3 hours before the test session at 18:00 hours in order to avoid the effects of postprandial thermogenesis. Subjects were asked to follow their usual sleeping habits as closely as possible with a minimum of 6 hours of sleep (6.8 ± 0.5 hours) the night preceding each exercise test. They were asked not to train during the 24 hours before each test session. For all tests, the laboratory temperature (20 ± 1°C) and humidity (49% ± 5%) remained constant in order to minimize environmental influence on muscle function. 20 During each test session, subjects were asked to ride a cycle ergometer (the SRM High Performance Ergometer ® , Jülich, Germany) equipped with racing pedals and toe clips. The ergometer was fully adjustable, both vertically and horizontally, to reproduce the exact settings of each subject's bicycle. To avoid the effect of postural changes, 21 the upper body position was monitored and remained constant 
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Circadian aerobic and peak power throughout the exercise. Subjects had their hands in pronation on the upper part of the handlebars and were asked to maintain elbow extension.
The test began with a 5-minute warmup period at a work load of 150 W. The work rate was then increased by 30 W per minute in steps until the respiratory exchange ratio value reached 1.00. Thereafter, the increasing workload was applied in 15 W per minute steps until exhaustion was reached (Figure 1) . The end of the exercise was determined when the subject could no longer maintain the imposed power output (Figure 1) . Throughout each test, the pedal rate was freely chosen by the subject.
Data collection
Oral temperature was recorded (Ther mof ina ® , Dammaries-Le-Lys, France, accuracy 0.1°C) after 15 minutes of rest and before the beginning of the test. For each test session, the power output and pedal rate were continuously monitored using the SRM ergometer system. The "power control" system of the SRM calculated the power output by means of eight constraint gauges located inside the pedals and bottom bracket-bearing assembly in the following way: average torque of a full crank rotation × average angular velocity of a full crank rotation = average power of a full crank rotation. The instantaneous value of power output was used to adjust the electrobrake in order to correspond to the preprogrammed power. Heart rate, oxygen uptake, and respiratory exchange ratio were recorded continuously by an open-circuit sampling system (K4b 
Data analysis
Each data of heart rate, oxygen uptake, and power output corresponded to a 60-s mean of raw data. Maximal values were considered as maximal heart rate, maximal oxygen uptake, and P max , respectively. 22 To ensure that the maximal oxygen uptake is reached during the exercise, different criteria are generally used. The main criterion is related to the maximal steady state of oxygen uptake which ensures that there is an upper limit on maximal oxygen uptake at the end of exercise despite the increase in power output. The oxygen 
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Bessot et al uptake plateau is attested by the fact that oxygen uptake averaged over the previous stage does not exceed oxygen uptake averaged over the last stage by more than 100 mL/ min. 23 The next criterion were that the respiratory exchange ratio at the end of the exercise should be greater than 1.10 and heart rate over 90% of the predicted maximal heart rate. 24 Maximal aerobic power was defined as the power output measured at the start of the oxygen uptake plateau (maximal oxygen uptake 100 mL/min, Figure 1 ).
statistical analysis
The normality of distribution of the parameters used in this study was verified using the Kolmogorov Smirnov test. In order to identify time-of-day fluctuations in oral temperature, maximal heart rate, maximal oxygen uptake, P max , and maximal aerobic power, the values collected for each subject at 06:00 hours and 18:00 hours were compared using the paired t-test. Statistical tests were performed using Statistica Software (Statsoft ® , Tulsa, OK). Statistical significance was accepted at P , 0.05.
Results
Resting oral temperature recorded in the late afternoon was significantly higher (35.9°C ± 0.3°C at 06:00 hours and 36.6°C ± 0.3°C at 18:00 hours) than in the early morning (P , 0.01), with a mean increase of +0.7°C ± 0.3°C. For both times of day tested, each subject met all the criteria required to confirm that maximal oxygen uptake was reached at the end of the exercise. Each subject's oxygen uptake value reached a plateau and the maximal respiratory exchange ratio and heart rate mean values collected across test sessions were, respectively, 1.14 ± 0.05 and 188 ± 9 beats per minute (93% ± 2% of the predicted maximal heart rate).
Physiological parameters
Maximal oxygen uptake values did not differ between test sessions (P = 0.54), and were 63.2 ± 7.8 mL/kg/min at 06:00 hours and 64.5 ± 7.2 mL/kg/min at 18:00 hours ( Figure 2 ). Values for maximal heart rate achieved in the late afternoon did not differ (P = 0.10) from those observed in the early morning test session (187.4 ± 9.8 beats per minute at 06:00 hours and 190.3 ± 8.5 beats per minute at 18:00 hours, Figure 2 ). 
Biomechanical parameters
Discussion
During the maximal aerobic exercise test, none of the recorded physiological or biomechanical variables showed any significant time of day variation. The experimental design proposed in this study consisted of two test sessions separated by a recovery period of 36-60 hours. Such a protocol design should result in complete recovery between test sessions. Moreover, the short duration of the protocol (one week) should help to avoid the effects of infradian rhythm on the variables collected. 25 The selected times of day (06:00 hours and 18:00 hours) fit with the usual trough and peak of the circadian rhythm of physical performance and oral temperature reported in this type of population. 10, 11 The resting oral temperature demonstrates a significant 0.7°C rise from 06:00 hours to 18:00 hours. This range of variation is in good accordance with the maximal circadian difference in oral temperature usually reported for physically active subjects. 19, 26, 27 Considering that performancedetermining factors and core temperature circadian variations are roughly in phase, 1, 9 it can be assumed that the present study should have allowed us to observe the maximal The results of the present study failed to demonstrate any significant diurnal variation in maximal heart rate and maximal oxygen uptake. Reilly et al 8 showed that amplitude of the circadian rhythm in heart rate is reduced as exercise intensity increases. Therefore, some discrepancies regarding the existence of diurnal fluctuation of maximal heart rate exist in the literature. Hill et al 3 and Moussay et al 6 did not report any maximal heart rate diurnal fluctuation. However, other authors have observed a diurnal fluctuation in maximal heart rate. [7] [8] [9] [10] The maximal heart rate diurnal fluctuation previously observed in these studies ranges from 2 to 6 beats per minute (mean 1%-3%). Considering our data, the difference between mean test session values (2.9 ± 6.4 beats per minute) fit with such ranges of variation but failed to be significant, perhaps because of the large variability between subjects.
Many authors have already attempted to explore circadian variation in maximal oxygen uptake. Indeed, Faria and Drummond 12 programmed test sessions at 12 different times of day and duplicated measurements at each time point. Reilly and Brooks 10,11 used a longitudinal design to avoid variability between subjects, as well as a cross-sectional approach. The day-to-day coefficient of variation of maximal oxygen uptake was found to be 2.9%. Considering the low hypothetical fluctuation in amplitude of maximal oxygen uptake during the day, if the interday variability and accuracy of oxygen uptake measurement equipment is taken into account, 28 it is not surprising that all these studies failed to observe circadian variation in maximal oxygen uptake, which is confirmed by the present study. However, these results, which were somewhat expected, could have been associated with some variation in biomechanical parameters.
In order to identify a time-of-day fluctuation in maximal aerobic power and P max , we used an innovative test design and improved materials. The increment proposed in the last steps of the present design was lower than in other protocols that focused on circadian rhythmicity. 6, 14 The 15 W steps used at the end of the test correspond to 4.5% of mean maximal aerobic power, which is close to the expected diurnal variation of this variable. Moreover, the SRM ergometer used in the present study allows direct measurement of crank power (1 Hz). Therefore, it could be hypothesized that the power recorded during exercise was the power that was actually developed against external resistance while taking into account the inertia of the ergometer and the delay (around 10 seconds) in adjustment of the brake due to pedal rate variation (compare with Figure 1 ).
Despite the improvement in accuracy made possible in this original protocol design, no significant diurnal variation was detected in maximal aerobic power and P max . Maximal power achieved during maximal aerobic tests, such as maximal oxygen uptake, did not fluctuate during the two times of day tested, so could not explain diurnal variation in aerobic performance. 2, 3, 15 However, diurnal variation in muscle function has previously been reported. Peak muscular torque 29, 30 and fatigability 31 increase throughout the day. Nerve conduction velocity also increases throughout the day 32 and time to peak and relaxation times decrease by 8.3% and 10.7%, respectively, 30 making for better muscle properties in the late afternoon than in the early morning. Therefore, it seems that diurnal changes in muscle function do not improve the efficiency of the biomechanical parameters tested in this study.
With regard to the limitations of our present research, using only two measurements daily was not optimal for highlighting circadian variations. However, the selected times of day fit with the usual troughs and peaks of circadian rhythm in physical performance. However, some delay may exist between subjects and the variables measured. The incremental exercise performed by the subjects reaches exhaustion and the motivation level of the subjects determines the reliability of the result, so we chose to limit the number of test sessions to preserve the subjects' motivation.
Regarding methodological restrictions, the sample size tested may be a determining factor in demonstrating a significant diurnal fluctuation in maximal aerobic variables. Hill et al, 14 who observed a mean variation of 4.1% in maximal oxygen uptake, included twice as many subjects in their study as in the present one. A greater number of subjects could have been included to achieve statistical significance and/or increase the statistical power (,0.25 for each analysis in this study). Based on the size effect determined by the results of this study, a statistical power of 0.8 could be achieved with either 50 subjects for maximal aerobic power or 100 subjects for maximal oxygen consumption. The rather small time of day difference and the high standard deviation observed in this study imply the need to include more subjects to confirm our results with more statistical certainty. Moreover, the nonsignificant 3% and 1% differences, observed for mean maximal aerobic power and P max , respectively, were not consistent with the minimal 9% diurnal variation previously reported in maximal aerobic performance. 
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In conclusion, the diurnal fluctuations commonly reported in maximal aerobic performance can neither be explained by fluctuations in physiological parameters (maximal heart rate and maximal oxygen uptake) nor by diurnal variations in biomechanical parameters (maximal aerobic power and P max ). These fluctuations could instead be explained by fluctuations in maximal aerobic endurance and/or improvement in gestural efficiency throughout the day. Indeed, as previously observed, time to exhaustion increases from 06:00 hours to 18:00 hours, 4, 5, 15 and the pattern of muscle activity, effective force production, and kinematics during cycling are dependent on time of day. 33, 34 This hypothesis should be tested in further research.
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